and Application
INTRODUCTION

Entomopathogenic
nematodes (Steinernematidae and Heterorhabditidae) have emerged as excellent biological control agents for soil-dwelling stages of many insect pests (7 , 10, 11) . They possess many positive attributes including their broad host range, safety to non-target organisms and the environment, exemption from registration in many countries , ease of mass-production, ease of application, ability to search for pests, rapid host mortality , potential to recycle in the environment, and compatibility with most agricultural chemicals . Moreover, they are amenable to genetic selection and DNA transformation . These positive attributes and the need to find alternative methods of pest control to chemical insecticides have led to the rapid commercialization of the nematodes.
Progress has been made that entomopathogenic nematodes are now available commercially for large-scale application in citrus groves, strawberry plantations , cranberry bogs, artichokes, mint, mushrooms, ornamentals (both greenhouse and outdoor) , and turfgrass (10) . Advances in our understanding of the in vitro mass-production techniques involving solid substrates (1) and liquid media (6) have been so rapid that it is now feasible to consider the use of nematodes to control pests damaging one million hectares of apple orchards in China (14) . Unfortunately, the developments in the formulation technology of entomopathogenic nematodes have not been so impressive.
Poor storage stability of nematode products is still a major obstacle limiting the large-scale commercialization of nematodes. Nearly all products require refrigerated storage.
The single non-refrigerated product is stable for 4-5 months at best, a shelf-life far short of standard chemical pesticides. In this paper, the developments in the formulation technology of nematodes, shelf-life of some of the commercially available products, and principles and factors affecting nematode storage stability are briefly discussed.
FORMULATIONS
Infective juvenile entomopathogenic nematodes (IJs) can be stored in refrigerated bubbled tanks for few days to several weeks. However, difficulties to store concentrated nematode suspensions (> 6 x 105 IJs/ml), high oxygen demand, and high contamination increases costs of storage and reduce nematode shelf-life and quality. Therefore, infective juveniles are formulated immediately after harvest from the fermentation media in either inert carriers or active materials as gels, granules, and powders (Table 1) .
Inert carriers
Placement of nematodes on inert carriers provides a convenient way to store small quantities of nematodes under refrigerated conditions. Among various inert carriers, the polyether-polyurethane sponge and vermiculite are most commonly used for commercial nematode storage and
shipping. An aqueous nematode suspension is applied to the sheets of sponge usually at 500-1000 Japanese Journal of Nematology December, 1998 medium value niche markets. However, the time consuming extraction steps, and the problematic disposal of large numbers of plastic screens and containers, rendered this formulation unsuitable for large-scale application.
A flowable gel formulation was developed to improve the ease of use by the consumer. In this formulation the nematodes are suspended in a viscous flowable gel that can be squeezed out of the paper tubes directly into the spray tank. Although this development did improve the ease of application, but nematode shelf-life in the flowable gel was shorter than the alginate gel (Table   1) .
BEDDING and BUTLER (3) developed another gel formulation in which nematode slurry is mixed in anhydrous polyacrylamide so that the resulting mixture attains a water activity of 0.80 to 0.995. This formulation also had a limited ambient shelf life. Activated charcoal: YUKAWA & PITT (15) described a system for nematode storage and transport wherein nematodes are homogeneously mixed with absorbent materials such as powdered activated charcoal. This formulation had several disadvantages including, high cost, unpleasant to handle, and no ambient storage stability. Clay sandwich: BEDDING (2) reported a formulation in which infective juveniles are mixed in clay to remove excess surface moisture and to produce partial desiccation. He described the formulation as a sandwich consisting of a layer of nematodes between two layers of clay. This formulation was commercialized by Biotechnology Australia Ltd., and had following drawbacks:
(i) no consistent room temperature shelf-life (ii) difficult to dissolve, (iii) frequently clogged spray nozzles, and (iv) a very low nematode to clay ratio. Therefore, this product was later discontinued.
Granules [Pellets, Pesta, WDG]: CAPINERA & HIBBARD (4) described a pellet nematode formulation in which the pellets contained alfalfa meal and wheat flour. Later, CONNICK et al.
(5) described an extruded or formed granular product in which nematodes are uniformly distributed throughout a wheat gluten matrix.
This formulation was called "Pesta" and also included a filler and a humectant to enhance nematode survival. The process involved drying of granules to low moisture to prevent nematode migration and reduce risk of contamination. However, granules become very hard due to drying, and are difficult to dissolve. Furthermore, reported nematode survival is low.
A significant advancement was made with the advent of a water dispersible granule (WDG) in which infective juveniles are encased in 10-20 mm diameter granules consisting of mixtures of various types of silica, clays, cellulose, lignin and starches (9, 13) . These granules are prepared through a conventional pan granulation process in which droplets containing a thick nematode suspension are sprayed on to fine dry powders on a tilted rotating pan. As soon as nematode droplets come in contact with the powders, the granules start to form, and roll over the dry powders adsorbing more powder around them. The granules are then sieved out of the powders and packaged into shipping cartons. The granular matrix allows access of oxygen to nematodes during storage and shipping. Under appropriate temperature regimes, the nematodes in the granules undergo a physiological desiccation process and enter into a partial anhydrobiotic state. This is usually evident by the decline in oxygen consumption by the nematodes by Day 4-7 after granulation (GREWAL, unpublished data). The development of the water dispersible granular formulations offered several advantages 
